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Abstract: ZnO is an n-type oxide semiconductor with a direct wide band gap greater than 3 eV. Like any other 
semiconductor, the optical and electrical characteristics can be influenced by doping or adjusting process conditions which 
broaden its applications. In this work, varying amounts of Cobalt (0.01g-0.04g) were electrodeposited on anodized Zinc thin 
films (ZnO) followed by heat treatment to about 2500C. Optical characterization was performed in the range 300-2500 nm 
to obtain reflectance data which aided in defining the absorption coefficient and band gap of the films. Photocatalytic activity 
of the films was explored in Methylene Blue solution degradation under UV light irradiation. Analyzed data revealed a band 
gap shift to the red, i.e. from 3.34 eV to 3.10 eV for pure ZnO and 0.04g-Cobalt pigmented ZnO thin films respectively. 
Moreover, absorption coefficient increased with pigmentation attributed to the band shrinkage effect which elucidates that 
ZnO:Co thin films serve as good candidates for application in photocatalysis. All the fabricated films were photocatalytic 
but ZnO thin films containing 0.02g of Cobalt was the most photocatalytic.   
 
Keywords: Anodization, ZnO, band gap, optical characterization, photocatalysis, pigmentation 
 
1 Introduction 
ZnO has diverse applications because many relevant 
researches were conducted [1]. It is a direct band gap 
semiconductor whose band gap ranges from 3.2 to 3.37eV. 
It also has found applications in light emitting diodes [2,3], 
gas sensing[4], Acoustic Sensors [5], Piezo-Phototronics 
[6,7]. Some of the earlier work addressed anodized or 
electrodeposited Cobalt doped ZnO thin films dwelt on 
ferromagnetism [8] and field emission characteristics [9], but 
an investigation on their possibility to be used in 
photocatalysis has not been reported. Although nanoparticles 
and nanorods are some of the prefered choices for 
photocatalysis, thin films are recyclable and their reusability 
also allows for their application in photocatalysis. ZnO 
photosensitivity, non-toxicity and environmental stability 
make it a promising photocatalyst. However, it has a wide 
band gap which makes it absorb a narrow range of the solar 
spectrum.  Altering its bandgap edge towards the visible 
range is likely to boost its photocatalytic properties. This can 
be achieved by semiconductor coupling or doping with a 
transition metal or non-metal [10,11]. Bahsi and Oral [12] 
demonstrated that doping ZnO with a transition metal is the 
most effective because it reduces its band gap, expanding its 
response to light from the UV to the visible range.  
Theoretically, for the purpose of photocatalysis, Cobalt is 
among the preferred dopants of ZnO since it has an ionic 
radius of 0.745 Å which is almost similar to that of Zinc (0.74 
Å) [13], and so can substitute the Zn ions in the ZnO crystal 
lattice.  Given that the band gap is among the key 
determinants of the physical properties of a semiconductor, 
it is important to note that doping ZnO with a transition metal 
may lead to either band gap widening (BGW) or band gap 
narrowing (BGN) [14]. BGN is a consequence of several 
body effects on the conduction and the valence bands while 
BGW arises from Burstein–Moss effect [15,16]. Several 
authors have addressed the two concepts (BGN and BGW). 
Jain et al [14] represented the decrease in band gap as 
follows: 
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∆𝐸$ = ∆𝐸&'()*+) + ∆𝐸./0()12/) + ∆𝐸123()*+) +
∆𝐸123()12/)                                                         (1) 
where,  the four terms respectively signify shift of the 
majority band edge due to exchange energy, correlation 
energy shift of the minority band edge, and carrier-impurity 
interaction shifts of the two band edges. The details of this 
equation can be found in reference [14]. 
 
ZnO has been synthesized using different techniques such as 
sol gel, spray pyrolysis, sputtering, hydrothermal and co-
precipitation methods but anodization is an easy low cost 
route in the synthesis of thin films [17] and the method has 
been succesfully employed by several researchers to deposit 
ZnO thin films[18,19,20]. In this paper, we report the optical 
properties of Cobalt pigmented anodized Zn and its 
photocatalytic activity.  
2 Experimental Section 
2.1 Preparation of ZnO thin films 
 
ZnO thin films were prepared by anodizing a polished 
ultrasonicated Zinc metal in 0.5M magnetically stirred 
Oxalic acid. The experiment was performed at room 
temperature at a constant voltage of 10V using zinc plate 
working electrode and graphite plate as the counter electrode 





Figure 1. Experimental setup for anodization of the 
Zinc plates. 
 
Varying amounts of Cobalt ranging from 0.01g to 0.04g 
were electrodeposited onto the ZnO thin films by increasing 
the deposition time from 10s, 20s, 40s and 60s. Cobaltous 
sulphate was used as the source of Cobalt, ZnO the working 
electrode and graphite the counter electrode and 2.18 A 
current passed at a constant voltage of 20V. Then, the films 
were rinsed and left to dry then heated to about 2500C for 2 
hours in a furnace. The amount (mass in grams) of Cobalt in 
the ZnO films was obtained using the Faraday’s law of 
electrochemistry expressed as [21]:      




9     (2)   
Where Q expressed as Q=It is the charge passed through the 
substance in coulombs, F is the Faraday constant 
(96485.33289 Cmol-1), M is the molar mass of the substance 
in grams mol-1 and z is the valence number of the substance. 
In this case the substance is Cobalt. 
 
2.2 Characterization of ZnO thin films 
 
Optical characterization of the prepared ZnO films was 
performed in the range 300nm to 2500nm using 
UV/VIS/NIR Perkin Elmer Lambda 19 spectrophotometer 
where reflectance data was obtained and aided in the 
determination of the absorption coefficient and optical band 
gap of the films. This was done by fitting the measured 
reflectance spectra onto the simulated spectra in the SCOUT 
software. The Drude, Harmonic and Tauc Lorentz models in 
the software enabled the fitting of the spectra and so the film 
thickness which was read directly once a perfect fit was 
obtained. The average film thickness obtained was 110nm. 




Figure 2. An illustration of fitting of the 
experimental to simulated spectra using the 
SCOUT software. 
2.3 Photocatalytic experiments 
 
The  photocatalytic activities of the films in the degradation 
of 10ppm methylene blue solution was investigated under 
UV light irradiation in a UV cabinet with a UV lamp of 
wavelength 366nm, 2×6W irradiation power and an Optima 
SP-3000nano UV-VIS spectrophotometer. 60ml Methylene 
blue solution was first placed in the dark for 60 minutes for 
absorption-desorption balance to be attained then transferred 
into the cabinet and irradiated for 300 minutes. 1ml of the 
degrading solution was drawn at intervals of 30 minutes and 
the absorbance at 664nm measured using the 
spectrophotometer. The concentration was obtained using 
calibration curve from standard methylene blue solutions 
prepared prior to the experiment.  
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3 Results and Discussion 
3.1 Formation of the ZnO films 
ZnO films were successfully fabricated, led to the formation 
of a whitish film of thickness of about 110 nm on the Zinc 
substrate. The whitish film resulted from passing of a 
constant current from the power supply across the zinc metal 
and graphite electrodes. Consequently, redox reactions led to 
the formation of the oxide where Zn(OH)2 formed on the 
Zinc metal surface further dissociating to ZnO as 
summarized by the equations below: 
At the graphite plate (counter electrode) 
 
2𝐻?	  +  2𝑒A   →  𝐻C (g)          (3) 
At the Zinc plate (working electrode): 
Zn  →  𝑍𝑛C?  +  2𝑒A     (4) 
𝑍𝑛C?  +  2𝑂𝐻A  →  𝑍𝑛(𝑂𝐻)C    (5) 
𝑍𝑛(𝑂𝐻)C  → 		𝑍𝑛𝑂		 +		𝐻CO      (6) 
 
The films were labeled ZnO, ZnO:Co0.01, ZnO:Co0.02, 
ZnO:Co0.03, and ZnO:Co0.04 with respect to the Cobalt 
content in the fims. The ZnO films began to darken when 
Cobalt was introduced and darkening increased as the mass 
of Cobalt in the films increased as shown in figure 3. 
 
 
Figure 3. A photo of the fabricated films. 
 
The darkening of the films was attributed to the presence of 
Cobalt which increased as the Cobalt content in ZnO thin 
films increased and might have improved films absorption.  
 
3.2 Reflectance and absorption of the 
fabricated films 
Figure 4 shows the reflectance spectra for all the prepared 
films obtained from the spectrophotometer.  
 
Figure 4.  Measured reflectance for polished Zinc 
metal and the ZnO films with varying masses of 
Cobalt. 
Reflectance of polished Zinc metal is higher than 60% before 
anodization because of its shiny nature. ZnO films have a 
relatively lower reflectance compared to that of Zinc metal. 
A sharp decrease in the ZnO reflectance spectra was 
observed at about 348nm which corresponds to its absorption 
edge. All the spectra had a depth at about 1100nm due to 
Interband transitions arising from the zinc substrate. 
 
 
As the Cobalt content increased, a decrease in reflectance 
was observed showing an increase in absorbance. The 
decrease was attributed to the darkening of the ZnO films as 
the Cobalt content increased as shown in Figure 3. This is 
supported by absorption coefficient data for the films. Given 
that they were deposited on opaque substrates where T = 0, 
α was estimated using the rough approximation [22]:  
 








9                                                  (8)
  
The graph obtained using equation 8 is as shown in figure 5. 
 
Figure 5. Absorption coefficient as a function of 
wavelength 
 
ZnO ZnO:Co0.01 ZnO:Co0.02 ZnO:Co0.03 ZnO:Co0.04 
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Figure (5) reveals that the sudden increase in the absorption 
coefficient at about 348nm corresponds to the absorption 
edge while peak at about 1100 nm occurs due to Zn substrate.  
There is also a systematic increase in absorption coefficient 
with increase in pigmentation which can be attributed to 
increase carrier absorption. However, Figure 4 exhibits that 
reflectance decreased with increased pigmenting. Films 
roughness may increase with pigmentation which leads to 
optical losses in form of scattering [23] which explains the 
increase in the absorption coefficient.  
 
3.3 Optical Band Gap 
 
The optical band gap of the films was defined using the 
Tauc’s plot of (𝛼ℎ𝜈)C	 against hn. Figure 6 reveals the 




Figure 6. Graph showing the optical band gaps of 
the fabricated films. 
 
The optical band gaps of the films ranged from 3.34 eV to 
3.10 eV. The fabricated pure ZnO films had a band gap of 
3.34 eV which is similar to the previous work conducted by 
Yildirim et al [24] and Kalphe et al [25]. In both cases, a 
gradual BGN was observed in the films with increase in the 
Cobalt content which agrees with our work. This BGN as 
discussed in equation 2 may have resulted from a shift of the 
majority band edge due to exchange energy, correlation 
energy shift of the minority band edge, and carrier-impurity 
interaction shifts of the two band edges. 
 
3.4 Photocatalytic activity of the films 
 
The radiation assisted methylene blue degradation follows 
the pseudo first order kinetics [26] which involves 
presentation of raw data as integral data. The photocatalytic 
activity of the films obtained is presented in figure 7. 
 
Figure 7. A graph of ln (C/C0) versus time in  
minutes 
As observed in the figure, the rate at which methylene blue 
with catalyst degraded was faster than that without the 
catalyst. Also, Cobalt pigmenting increased the degradation 
rate which may be attributed to the reduction in the optical 
band gap resulting from the red shift in the reflectance 
spectra which allowed more electrons to gain kinetic energy 
and move to the conduction band and take part in the 
degradation process. Cobalt pigmenting also increased the 
absorption coefficient implying that more radiation was 




However, heavy Cobalt pigmenting lowered the methylene 
blue degradation rate. This may be due to the fact that excess 
metal pigment covered the active sites of the ZnO catalyst 
lowering its activity or the generation of the impurity levels 
deep in ZnO band gap which acted as centers for 




In this paper, ZnO was successfully fabricated by 
anodization. The color of the film formed was white. 
Reflectance of the ZnO films decreased with increase in 
Cobalt content deposited. Consequently, films roughness 
that increased with increase in Cobalt content raised 
pigmentation and absorption. The band gap of ZnO changed 
from 3.34 eV for unpigmented to 3.10 eV for the most 
pigmented film. The decrease in reflectance and band gap 
shrinkage or narrowing indicates an increase in the solar 
absorption which is one of the most important factors 
defining semiconductor photocatalysis. All the films were 
photocatalytic but ZnO thin films with 0.02g of Cobalt was 
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